
r eser voi r abs 0

Manycore architecture 
of the future 

will be determined by 
compiler capabilities

Richard A. Lethin
Reservoir Labs, Inc.

Presenter
Presentation Notes
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The problems of parallelization to multiple cores, achieving high efficiencies, entails solving automatic optimization problems that are at the edge of what is tractable with today's compiler technology. I want to share with you a few of the many lessons that we have learned – some quite painfully – in the course of working on this problem.



Continued scaling of the number of cores will result in increasing difficulty programming computers, putting additional imperative on advancing the state of the theory and art of compilers to automate mapping. Most of these problems are in the area of high level mapping and optimization. Certain frameworks for developing high level optimizations show promise for addressing these problems. Whatever framework that is adopted, it will influence the features of hardware; in terms of what is easy for the compiler to address, and what is difficult. Looking at one framework illustrates this.
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The Challenge of Mapping to Cell
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Presenter
Presentation Notes
Consider an architecture such Cell. This is a Multicore chip for which programming requires a number of mapping problems to be solved to get high efficiency.  These include parallelization, scheduling, and generation of correctly sized tasks working from local memories. Achieving high efficiency requires communicating in terms of bulk DMA operations and particularly, finding very high locality of reference (producer-consumer).



These mapping requirements are addressing architectural API details that are the result of physical cost tradeoffs that are the same ones driving the trend toward Multicore and beyond to Manycore. The trend toward Multi/Manycore is actually a superficial observation in this context. There is much detail below this. Physical trends drive deeper architecture features. For example:  because it is increasingly easy to fill a chip with fast computation units, chip designers are doing so. However, it is very difficult to increase the chip boundary communication at the same rate. This results in the need for greater degrees of locality of reference and for carefully controlled use of communication. Every byte/s of chip bandiwidth is used by DMA, in contrast to cache misses. Thus, the revival of interest in DMA and messaging for communication to off-chip memory and between cores This will become increasingly common in Manycore architectures.



In addition to the physical tradeoffs driving architectures, I believe that it will increasingly be the case that the capabilities – and limitations – of high level compiler technology will determine which kinds of Manycore architectures are successful, and which are not. In this cycle of reincarnation, we will recap the CISC vs. RISC vs. VLIW battles, but at the high level. Recall that one of the observations in the CISC vs. RISC battle was that certain complex instructions were “bad” because it was extremely difficult for a compiler to synthesize them.
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A Compilation Flow
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for (int i = 0; i <= 255; i++) { 
nrm[i] = 0;
for (int j = i; j <= 255; j++) { 

nrm[i] = hypot(nrm[i], QR[j][i]); 
}
if (nrm[i] != 0) { 

nrm[i] = sn(QR[i][i], nrm[i]); 
for (int j = i; j <= 255; j++) {

QR[j][i] = QR[j][i] / nrm[i];
}
QR[i][i] = 1 + QR[i][i]; 
for (int j = 1 + i; j <= 255; j++) { 

s[i][j] = 0;
for (int k = i; k <= 255; k++) { 

s[i][j] = s[i][j] + QR[k][i] * QR[k][j]; 
}
s[i][j] = - s[i][j] / QR[i][i]; 
for (int k = i; k <= 255; k++) {

QR[k][j] = QR[k][j] + QR[k][i] * 
s[i][j]; 
}

}
}
Rdiag[i] = - nrm[i]; 

}

for (int i = 0; i <= 255; i++) { 
nrm[i] = 0;
for (int j = i; j <= 255; j++) { 

nrm[i] = hypot(nrm[i], QR[j][i]); 
}
if (nrm[i] != 0) { 

nrm[i] = sn(QR[i][i], nrm[i]); 
for (int j = i; j <= 255; j++) {

QR[j][i] = QR[j][i] / nrm[i];
}
QR[i][i] = 1 + QR[i][i]; 
for (int j = 1 + i; j <= 255; j++) { 

s[i][j] = 0;
for (int k = i; k <= 255; k++) { 

s[i][j] = s[i][j] + QR[k][i] * QR[k][j]; 
}
s[i][j] = - s[i][j] / QR[i][i]; 
for (int k = i; k <= 255; k++) {

QR[k][j] = QR[k][j] + QR[k][i] * 
s[i][j]; 
}

}
}
Rdiag[i] = - nrm[i]; 

}
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Partitioning between PPU and SPU
Parallelization across streaming elements
Memory layout and placement optimization
“Tiling” choosing correct size and organization of 
tasks
Improvements to locality of reference – producer 
consumer
Management of communication – intra and inter chip
Management of distributed memory
Double buffering and high-level software pipelining
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Register allocation
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Instruction 
scheduling
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Presenter
Presentation Notes
Further, in RISC vs. CISC, the compiler writers could synthesize loops out of more elemental instructions that would beat the performance of complex instructions. Thus it was not only the physical constraints that shaped architecture; it was the compiler. The “rule” pertained to other features: for example, the value of orthogonality of instructions sets, the provision of large register sets, clustered register files over very large instruction word (VLIW) architectures, hinged on whether the compiler could produce or use them.



While there is certainly room for futher innovation at the low level core architecture and the low level compiler features that target them, the a major gap is in high-level optimization.



This is one flow that we are developing at Reservoir, at least the high-level part. We are working on a way to compile “C” to processors like (but not exclusively) Cell.  The mechanisms in our high-level compiler address the physical mapping challenges mentioned on the previous slide.    The low-level issues are still interesting, but I assert that largely, we’ve figured this out. The ability to do good instruction selection, instruction scheduling, and so forth, are well understood, and it is arguable that we as a field have understood these well for 20 years, from the early work of Josh Fisher and Bob Rau on VLIWs. Much of what has been done since then in low level compilation has been fairly incremental. One interesting trend is the retrograde movement in the importance of issues. As hardware architectures have run away from out of order issue, speculative execution, dynamic cores toward simpler cores – to save power – the old techniques of modulo scheduling have increased importance.



How will such compilers will shape architecture – from the high level perspective, requires looking under the hood.
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Under the Hood of a High-Level Compiler
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Presentation Notes
This is what is in our high level compiler.  It is source to source, which is unusual, and hard. Taking in a source code, rendering it into a modern IR, and then re-rendering it to another high level language is hard, because the modern IR – like an SSA or SSI form, needed for powerful optimization and analysis – will fragment the program into elements which it will also possibly rearrange arbitrarily (subject to the constraints of remaining consistent with the original semantics). Because a given semantics can be expressed in many ways, a source to source compiler almost by the laws of entropy, is going to scramble the program.  Ours doesn’t though, and this is due to careful work in syntax reconstruction algorithms, careful maintenance of types (in contrast to the “fuzzy” typing in a language like C).



But the heart of the high level mapping capability is the polyhedral mapper.  This is where we perform the big transformations, and where the influence will stem from.
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Polyhedral Representation

for (i=2; i<=M; i++) {
for (j=0; j<=N; j+=2)

A[i,N-j] = C[i-2,4*i+j/2];

for (j=i; j<=N; j++) 
B[i,N-j] = A[i,j+1];

}

for (i=2; i<=M; i++) {
for (j=0; j<=N; j+=2)

A[i,N-j] = C[i-2,4*i+j/2];

for (j=i; j<=N; j++) 
B[i,N-j] = A[i,j+1];

}
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Lesson: Must have a 
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basis for optimizations

More precisely, Parametric Z-Domain:

(Intersection of lattice with parametric 
polytope)
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Presentation Notes
The polyhedral mapper is based upon the polyhedral representation.  An incredibly elegant framework for representing programs in a mathematical form.  Now, this is one framework for parallel optimization. There may be others, though I don’t know about them. I’m not saying they couldn’t exist, and in fact, there is a way in which addressing the limitations of the polyhedral form probably requires using even more advanced mathematics; e.g., rather than working on these uniform lattices in affine transformations, we work on non-uniform spaces and non-linear transformations.  



One of the lessons we learned (painfully) in earlier efforts trying to do high level mapping was that you need a strong mathematical basis for representing and reasoning about the program. Earlier attempts that we made in previous versions of R-Stream incorporated lots of “magic” where transformations would be made that were “canned” and sometimes even incorrect. The problem with magic is that it is self-mystification, mumblegook, and results in a mess where questions about how to address bugs become impossible to articulate how to fix problems and add new features.  The result becomes a mass of band-aids that stymies forward progress and comes crashing down.  This was painful for us. This insistence on formality and mathematics is the hallmark of a competent compiler engineer.  It is not only mathematics – there is engineering, taste, etc. that matters, but the mathematics is central.



What is the polyhedral representation? In this representation, iteration spaces, array access functions, and interestingly the dependences are represented using parametric multidimensional polyhedra. With this representation, we get mathematical descriptions of transformations, as well as algorithms for computing them, choosing them, rapidly evaluating costs (as volumes).



Another interesting aspect of this representation is that it is parametric. That is, we optimize over a space of possible program executions characterized by parameters such as array size.



One thing I would like to mention now, as it will come up later, is that the fundamental objects are not actually polyhedra, but rather paramtric Z-domains. A Z-domain is the intersection of a lattice with a polyhedra, and in this case they are parametric.
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Parallelization in the Polyhedral Model
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Lesson: looks easier than it 
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Lesson: it can be done
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Presentation Notes
In this representation for example, we can express parallelization and scheduling as affine transformations on these objects. We can take the iteration space of an imperfect loop nest and map it to a multidimensional space, where some dimensions might correspond to physical extents such as over cores, boards, or cabinet, and others to multidimensional time that corresponds to loop nests.



This looks easy, but actually it is quite subtle, in terms of designing the transformation to choose forms that are not only good in the abstract sense, but also to look good when rendered to the machine (and further, when rendered to source form).  The good news is that it can be done (R-Stream is an example).



Another lesson is scalability.  The underlying mathematical problems require solving instances of linear programming, parametric integer programming, and so forth. While these are in some cases intractably difficult problems in general, there is reasonable hope that they can be solved in the specific instance of program optimization.



Tremendous need for advances in the underlying solvers as well as the engineering needed to scale the size of programs that can be addressed by the model. 



Tremendous amount of unexplored territory. For example, it looks like there may be formulations to map from the polyhedral representation into two dimensional tiled arrays, perhaps even taking into account network topologies such as mesh.
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R-Stream Mapper Phase Ordering

Dependence Analysis

Affine Partitioning/Loop Fusion

Tiling

Placement

Local Memory Compaction

Communication Generation

Synchronization Generation

DMA Optimization

Polyhedral Scanning

• compute dependence information

• extract the parallelism
• inter-statement locality

• refining statement groups into tasks

• scheduling tiles to physical processors

• reducing memory footprint

• inter-task communications

• create DMA operations

• insert barriers, etc.

• generate new code from polyhedral abstraction

Array Expansion • remove false dependences

Presenter
Presentation Notes
The previous slide at a high level describes the affine partitioning phase in our compiler.  The other phases are also rendered as mathematical optimizations; there is not enough time to go into them here.  However, we can illustrate the end result, in a simple example.
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Matrix Multiply Example

float A[1024][1024];
float B[1024][1024];
float C[1024][1024];
for (int i = 0; i <= 1023; i++) {

for (int j = 0; j <= 1023; j++) {
C[i][j] = 0;
for (int k = 0; k <= 1023; k++) {

C[i][j] = C[i][j] + A[i][k] * B[k][j];
}

}
}

float A[1024][1024];
float B[1024][1024];
float C[1024][1024];
for (int i = 0; i <= 1023; i++) {

for (int j = 0; j <= 1023; j++) {
C[i][j] = 0;
for (int k = 0; k <= 1023; k++) {

C[i][j] = C[i][j] + A[i][k] * B[k][j];
}

}
}

Presenter
Presentation Notes
This is a source level matrix multiply code. It is not the only code that our compiler can handle – it is chosen for simplicity. It is C syntax, and we accept it into our compiler.
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SPU Tiled Code for Matrix Multiply
for (k = -1; k <= 16; k++) { // 16 stages + 1 prologue and 1 epilogue

if (k <= 15 && k >= 0) {  // Block until the prefetched data is ready
CELL_dma_wait(0);
rotate C_l_v1 and C_l_v2, A_l_v1 and A_l_v2, B_l_v1 and B_l_v2;

}
if (k <= 14) { 
for (l = 0; l <= 63; l++) // Prefetch next block of A, B and C

CELL_dma_get(&B[64*j+l][64+64*k], &B_l_v2[l][0], 64*4,4,4,1,0);
for (l = 0; l <= 63; l++) 

CELL_dma_get(&A[512*i+l+64*PROC0][64*j], &A_l_v2[l][0], 64*4,4,4,1,0);
for (l = 0; l <= 63; l++) 

CELL_dma_get(&C[512*i+l+64*PROC0][64+64*k],&C_l_v2[l][0],64*4,4,4,1,0);
}
if (k <= 15 && k >= 0) { // 64x64 matrix multiply kernel

doall (l = 0; l <= 63; l++) 
doall (m = 0; m <= 63; m++) 

for (n = 0; n <= 63; n++) 
C_l_v1[l][m] = C_l_v1[l][m] + B_l_v1[n][m] * A_l_v1[l][n];

}
if (k >= 1) CELL_dma_wait(1); // Block until the previous write completes
if (k <= 15 && k >= 0) {  // Initiate write back to C
for (l = 0; l <= 63; l++) 

CELL_dma_put(&C_l_v1[l][0], &C[512*i+l+64*PROC0][64*k], 64*4,4,4,1,1);
}

}

for (k = -1; k <= 16; k++) { // 16 stages + 1 prologue and 1 epilogue16 stages + 1 prologue and 1 epilogue
if (k <= 15 && k >= 0) {  // Block until the Block until the prefetchedprefetched data is readydata is ready

CELL_dma_waitCELL_dma_wait(0);
rotaterotate C_l_v1 and C_l_v2, A_l_v1 and A_l_v2, B_l_v1 and B_l_v2;

}
if (k <= 14) { 
for (l = 0; l <= 63; l++) // PrefetchPrefetch next block of A, B and Cnext block of A, B and C

CELL_dma_getCELL_dma_get(&B[64*j+l][64+64*k], &B_l_v2[l][0], 64*4,4,4,1,0);
for (l = 0; l <= 63; l++) 

CELL_dma_getCELL_dma_get(&A[512*i+l+64*PROC0][64*j], &A_l_v2[l][0], 64*4,4,4,1,0);
for (l = 0; l <= 63; l++) 

CELL_dma_getCELL_dma_get(&C[512*i+l+64*PROC0][64+64*k],&C_l_v2[l][0],64*4,4,4,1,0);
}
if (k <= 15 && k >= 0) { // 64x64 matrix multiply kernel64x64 matrix multiply kernel

doalldoall (l = 0; l <= 63; l++) 
doalldoall (m = 0; m <= 63; m++) 
for (n = 0; n <= 63; n++) 
C_l_v1[l][m] = C_l_v1[l][m] + B_l_v1[n][m] * A_l_v1[l][n];

}
if (k >= 1) CELL_dma_waitCELL_dma_wait(1); // Block until the previous write completesBlock until the previous write completes
if (k <= 15 && k >= 0) {  // Initiate write back to CInitiate write back to C
for (l = 0; l <= 63; l++) 

CELL_dma_putCELL_dma_put(&C_l_v1[l][0], &C[512*i+l+64*PROC0][64*k], 64*4,4,4,1,1);
}

}

Presenter
Presentation Notes
This is actual code out of the compiler. This may look bad, but it’s actually pretty good. You can see the high-level software pipelining, the initiation of DMA, the synchronization operations generated. It’s the right form for getting performance on Cell.



What is also significant is that this code has gone through some massive representational transformations and still looks like C. In our team’s first attempts to generate code like this, the results were extremely poor; even if abstractly (in the polyhedral domain) the compiler had chosen a mapping that looked good, but when rendered into C looks terrible – strange expressions in the loop bounds, weird peeling off of loops and so forth. Note that there are other things going on, such as our addressing program forms that are not strictly polyhedral (e.g., handling the reductions). The output is in terms of loops, indicating powerful syntax reconstruction. 



The higher level message is that the relatively unusual architecture of Cell – with distributed memories, DMA, etc. can be addressed by sophisticated automatic optimization techniques.
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A Compilation Flow

High-Level

Compiler

High-Level

Compiler

for (int i = 0; i <= 255; i++) { 
nrm[i] = 0;
for (int j = i; j <= 255; j++) { 

nrm[i] = hypot(nrm[i], QR[j][i]); 
}
if (nrm[i] != 0) { 

nrm[i] = sn(QR[i][i], nrm[i]); 
for (int j = i; j <= 255; j++) {

QR[j][i] = QR[j][i] / nrm[i];
}
QR[i][i] = 1 + QR[i][i]; 
for (int j = 1 + i; j <= 255; j++) { 

s[i][j] = 0;
for (int k = i; k <= 255; k++) { 

s[i][j] = s[i][j] + QR[k][i] * QR[k][j]; 
}
s[i][j] = - s[i][j] / QR[i][i]; 
for (int k = i; k <= 255; k++) {

QR[k][j] = QR[k][j] + QR[k][i] * 
s[i][j]; 
}

}
}
Rdiag[i] = - nrm[i]; 

}

for (int i = 0; i <= 255; i++) { 
nrm[i] = 0;
for (int j = i; j <= 255; j++) { 

nrm[i] = hypot(nrm[i], QR[j][i]); 
}
if (nrm[i] != 0) { 

nrm[i] = sn(QR[i][i], nrm[i]); 
for (int j = i; j <= 255; j++) {

QR[j][i] = QR[j][i] / nrm[i];
}
QR[i][i] = 1 + QR[i][i]; 
for (int j = 1 + i; j <= 255; j++) { 

s[i][j] = 0;
for (int k = i; k <= 255; k++) { 

s[i][j] = s[i][j] + QR[k][i] * QR[k][j]; 
}
s[i][j] = - s[i][j] / QR[i][i]; 
for (int k = i; k <= 255; k++) {

QR[k][j] = QR[k][j] + QR[k][i] * 
s[i][j]; 
}

}
}
Rdiag[i] = - nrm[i]; 

}

APIAPI
Low-Level

Compiler

Low-Level

Compiler CellCell

ANSI C

Lesson: need a common 
abstraction layer for Manycore 

architecture

Execution model

Communication

Computation

Synchronization

Presenter
Presentation Notes
Another example of where the high level optimizations affect interfaces.



There is an immediate critical need for an open source common API for specifying the mapped program on multi-core processors. This need is illustrated by the fact that for

some of the widely available commercial multi-core systems (e.g., Cell), the number of different mapped program APIs is very large, with multiple commercial and academic solutions to what is essentially the same problem. In some cases, this reflect significant differences in execution model that make sense for the intended applications. In other cases, the differences are gratuitous, just instances in the age old battle to insinuate proprietary platforms and build in switching costs. There is an important list of the computation, communication, synchronization and storage mechanisms that we believe should be reflected in the common API. The SVM 1.0 specification is a place for people who want to work together on an open spec to start.



But let’s look at an interesting way in which the mathematics enter into this discussion.
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“Data Holes Problem” Influences Manycore API

for (i=0; i<=N; i++) {

for (j=0; j<=M; j++) {

A[i+4j] = ... 

} 

}

for (i=0; i<=N; i++) {

for (j=0; j<=M; j++) {

A[i+4j] = ... 

} 

}

It would seem like the “footprint” of A 
that is written by this loop is the image 
of the polyhedron bounding the iteration 
domain, i.e., 

through (i+4j), but because we are 
dealing with parametric Z-domains, it 
is something more complex when N <= 
2

Computing this statically is 
computationally very complex

The iteration domain is:

The API and maybe
the hardware

should reflect this
mapper limitation

Presenter
Presentation Notes
Recall that I had mentioned that the representation of computational objects in our high level optimizer are mathematical entities of parametric Z-domains. This includes communication operations, such as transferring blocks of memory from off chip memory into local memories of the CPU. These would correspond to the image of the iteration space through the array access function, which is restricted to be an affine transformation. 



While the image of a parametric polyhedron through an affine transformation is itself a new parametric polyhedron, it is the case mathematically that the image of a parametric Z-domain is not!  There is a known problem of “holes” where the integer points do not line up precisely within the projected bounding polyhedron. It is computationally quite complex to statically compute these holes.



This can be illustrated by the simple code fragment shown. The transformation through the array access function results in holes that would – if we obliviously worked only with the bounding polyhedron – result in violations of the semantics of the program, at some values of N.



The idea is that one way to solve this problem is to expand the API mentioned on the previous slide.  In particular, we could try to expand the definition of the DMA operations to be specified in terms of affine transformations of Z domains themselves, to compute at runtime the values we would like to transfer.
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The Compiler Determines Architecture
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Presenter
Presentation Notes
It is apparent after working on this, that there are new execution models possible, and features. For example, the polyhedral model admits parametric schedules – what does this look like?  Could this be a means to express mappings that can change on the fly due to changing application characteristics, or some other parameter like a power objective or a resource constraint?  The design of the API must have the mapper in mind.



Similarly, with synchronization, in our work it is apparent that we can represent parametric synchronization information among the tiles that we generate.  This suggests there may be a much richer set of synchronization primitives than simple barriers. We haven’t done it yet, but what that set of synchronization primitives is would be determined by the mathematical properties of our mapper. 



Similarly, what works as a parallel programming language is determined by the mapper too. The information that we need (and don’t need) or that hinders optimization is determined by the compiler.
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The Future of Manycore

Future MapperFuture Mapper

R-Stream 4.0 

Future

Manycore

Architecture

Future
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Architecture

Any discussion of future 
Manycore architecture must be 
shaped by the available mapper 

technology
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Presenter
Presentation Notes
This interaction between hardware and compiler recapitulates the traditional need to co-design

compilers and architectures that dates back at least 30 years, but in the current era is based upon new

capabilities in high-level optimizers shaping high level architectures and programming models. The

interaction between the programming language and optimizer capabilities are similar. What parallel

programming language features are actually useful, vs. just a pain for the compiler? We take the

position that the program specification should be as high level, logical, and divorced from the physical

issues as possible. Parallel programming languages that emphasize letting the user control the knobs

(e.g., specifying data layouts) are in the end doomed. If a programmer actually manages to get

something working well in these languages of conflated logical and physical specification, their result

will be nonportable and noncompileable as they will have overspecified their program to the degree

that future compilers will not be able to extract the original intent, in order to carry the programs

forward to new architectures and generations of machines. Using C as a surface syntax for static

control programs that follow some simple rules to make the programs easily abstractable is a much

more useful step than any new parallel prorgamming language.



Thus we take the position that the capabilities of the mapper, which must be fundamentally mathematical, are the key aspects shaping discussions of future parallel architectures and parallel programming languages.
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